Updating the Standard Spatial Observer for Contrast Detection by Watson, Andrew B. & Ahumada, Albert J.
!!"#$%&'()%*+),%$'#$-#),"$%&$.)/01+-2+-)34-)54'%-$1%)#+%+5%&4'!
"#$$%&'
!"#$%&'"&(')*+,"("'-.//01'2%&$#3+2#4('"'5#"&("3('56"#7"8'9:$43;43'-5591',%(48'<%3'
<%;4"8'8+,7&"&24'2%&#3"$#'$7=&"8'(4#42#7%&':"$4('%&'#*4'>%(48<4$#'("#"'-!"#$%&?'@AAA1B''
C434'D4'63%6%$4'#D%'2*"&=4$'#%'#*4',%(48?'(3%667&='#*4'%:87E+4'4<<42#'<3%,'#*4'F5G'"&('
+$7&='#*4'2%&4'(4&$7#H'("#"'%<'F+327%'!"#$%&'-@AA/1'#%'4$#7,"#4'#*4';"37"#7%&'%<'$4&$7#7;7#H'
D7#*'4224&#3727#HB''I3%667&='#*4'2%,684J'7,"=4$?'"&('+$7&=',4(7"&$'#%'4J28+(4'%+#8743'("#"'
6%7&#$?'#*4'559',%(48'&%D'"22%+&#$'<%3'4$$4&#7"88H'"88'#*4'634(72#":84';"37"&24'7&'#*4'("#"?'
D7#*'"&'K>5'634(72#7%&'433%3'%<'%&8H'/BLM'(NB'
()*#&+!,B''O*4'PQ',%&%2*3%,4'7,"=4$?'4"2*'$+:#4&(7&='.B@QQ'-!
.B@QQ'(4=344$B'O*4'7&(4J'&+,:43$'*";4':44&'"((4('<%3'"&('D434'&%#'
634$4&#'7&'#*4'$#7,+87'-!"#$%&'"&(')*+,"("?'.//0?'G7=+34'@1B
/01&23#41)20!
O*4'>%(48G4$#'("#"'-!"#$%&?'@AAA1'D434'+$4(':H'!"#$%&'"&(')*+,"("'-.//01'#%'2%&$#3+2#'"'
5#"&("3('56"#7"8'9:$43;43'-5591',%(48'<%3'$,"88'#"3=4#'2%&#3"$#'(4#42#7%&B'RG7=+34'@'$*%D$'#*4'
7,"=4$'"&('G7=+34'.'$*%D$'#*4'<7#'%<'#*4',%(48B'O*473'559',%(48'*"$'#*344'$#46$S
-@1''<78#437&=':H'"'2%&#3"$#'$4&$7#7;7#H'<+&2#7%&'-F5G1'7&28+(7&='"&'%:87E+4'4<<42#T
-.1''D7&(%D7&=':H'"'$6"#7"8'U"+$$7"&?'34634$4&#7&='#*4'*7=*43'$4&$7#7;7#H'%<'#*4'24&#3"8'<%;4"T
-Q1''$+,,"#7%&'%;43'$6"24'D7#*'"&'4J6%&4&#B
O":84'@'$*%D$'#*4':4$#'<7##7&='6"3",4#43$'<%3'<%+3'%<'#*4'F5G$'#*4H'#374(B''O*4':4$#'<7#'#*4H'
%:#"7&4('D"$'"&'K>5'433%3'%<'@B@Q'(N'-#"V7&='7&#%'"22%+&#'#*4'&+,:43'%<'6"3",4#43$'
4$#7,"#4(1B''O*4H'"8$%'#4$#4('7&(7;7(+"8'2%,6%&4&#$'%<'#*4',%(48B''N%#*'#*4'%:87E+4'4<<42#'"&('
#*4'$6"#7"8'$4&$7#7;7#H'D7&(%D'D434'$*%D&'#%'2%&#37:+#4'$7=&7<72"&#8HB''O*4'$#"&("3('433%3'%<'
#*4'%:$43;43',4"&$':"$4('%&'#*4'%:$43;43'-'7,"=4'7&#43"2#7%&'433%3'D"$'/BL/'(N?'7&(72"#7&='
#*"#'$7=&7<72"&#'7,63%;4,4&#'7&'#*4',%(48'D"$'$#788'6%$$7:84B
!"#$%&'()'!*+,-.-'/!"#!$%&!'!()!*!#+,-./-0.
!0.%$1'2)'3-&450/0/6!7!'!,$4'8$4$-%9*':$0&$%'
()*#&+!.B');43"=4'>%(48<4$#'%:$43;43'#*34$*%8($'-34('273284$1'"&(':4$#'559'
,%(48'-:8"2V'87&41B''O*4';43#72"8'"J7$'7$'7&'+&7#$'%<'(NN?'"'8%="37#*,72',4"$+34'%<'
#*4'2%&#3"$#'4&43=H'%<'#*4'$#7,+8+$?'&%3,"87W4(':H'"'&%,7&"8',7&7,+,'#*34$*%8('%<'
@/RXLR(4='.'$42RR-!"#$%&?'.///T'!"#$%&'!"#$%B?'@AAM1B'Y%#4'#*4'6%%3'<7#'<%3'7,"=4$'Q0'
"&('PQB
5%67+!,!
Z"3",4#43'4$#7,"#4$'"&('<7#$'-&%3,"87W4(':H'#*4'&+,:43'%<'4$#7,"#4('6"3",4#43$1'#%'
#*4',4"&$'%;43'@L'%:$43;43$'%<'#*4',4"&$'%<'P'#*34$*%8($'<%3'4"2*'%:$43;43'%;43'#*4'PQ'
7,"=4$B'O*4'F5G$'"34'CZ,C?'#*4'4J6%&4&#7"#4('*H643:%872'$42"&#',7&+$'"'*H643:%872'
$42"&#T'CZ,U?'#*4'4J6%&4&#7"#4('*H643:%872'$42"&#',7&+$'"'U"+$$7"&T'[,U'"&'
4J6%&4&#7"8',7&+$'"'U"+$$7"&T'"&('I%U?'"'U"+$$7"&',7&+$'"'U"+$$7"&B''O*4'
6"3",4#43$S'<2'7$'#*4'24&#43'<34E+4&2H'6"3",4#43?'6'7$'#*4'4J6%&4&#'7&'#*4'24&#43'
34$6%&$4'<%3'#*4'4J6%&4&#7"#4('*H643:%872'$42"&#?'<$'7$'#*4'$+33%+&('<34E+4&2H'
6"3",4#43?'"'7$'#*4'$+33%+&('D47=*#?'σ'7$'#*4'$#"&("3('(4;7"#7%&'%<'#*4'4224&#3727#H'
$4&$7#7;7#H'U"+$$7"&'D7&(%D'<+&2#7%&?'"&('β'7$'#*4'$6"#7"8'$+,,"#7%&'4J6%&4&#B'
O*4'$42%&('87&4'<%3'4"2*'F5G'*"$'#*4'$+,,"#7%&'4J6%&4&#'<%324('#%'.B
58+!967):#+!;<<+41!
I3%667&='#*4'%:87E+4'4<<42#'"&('34<7##7&='#*4',4(7"&'("#"'=7;4$'"'&%#'$7=&7<72"&#8H'
D%3$4'<7#'%<'/BL0'(NB''O*4'#D%'$#7,+87'(3%664('*";4'$7=&7<72"&#'%:87E+4'4&43=H?'$%'
643*"6$'#*4'$7=&7<72"&24'%<'#*4'%:87E+4'4<<42#':4<%34'-!"#$%&'"&(')*+,"("?'.//01'
D"$'#*4'637,"378H'#*4'34$+8#'%<'#*4$4'#D%'$#7,+87B''O*434'"34'L'$H,,4#372'$#7,+87'-\.L]
.A?'P/]P@1B''9&4',7=*#'4J642#'7<'#*4H'&44(4('#*4'%:87E+4'4<<42#?'#*473'#*34$*%8($'D%+8('
:4'+&(43]634(72#4('D7#*'#*4'%:87E+4'4<<42#'34,%;4(B''O*4H'D434?':+#'%&8H':H'"',4"&'
",%+&#'%<'/B.'(NB'')8$%?'#*4'#D%'$,"884$#'U"+$$7"&$?'D7#*'#*4',%$#'*7=*'<34E+4&2H'
4&43=H?'$*%+8('*";4'$*%D&'#*4'8"3=4$#'4<<42#?':+#'#*4H'*"(':4##43'643<%3,"&24'#*"&'#*4'
,%(48'634(72#4(B''O*4'+6("#4('559'*"$'&%'%:87E+4'4<<42#?'"$'788+$#3"#4('7&'G7=+34'QB
=%1%!>23)<)4%1)20?!
>%$#'%<'#*4'6"##43&$'7&'#*4'>%(48<4$#'7,"=4$'2"&':4'4J"2#8H'(4$237:4('D7#*'"'$,"88'&+,:43'%<'
6"3",4#43$B'OD%'%<'#*4,'2"&&%#?'#*4'&%7$4'$",684'-\Q01'"&('#*4'5"&'G3"&27$2%'$24&4'-\PQ1B'
Z43<%3,"&24'<%3'#*4$4'#D%'$#7,+87'D"$'D%3$4'#*"&'#*4'559',%(48'634(72#7%&$?':H'PB.'"&('.BA'
(N'34$642#7;48HB''^&$#4"('%<'2%&#",7&"#7&='#*4'6"3",4#43$'D4'34,%;4'#*4,'"&('"(,7#'#*"#'#*4'
,%(48'2"&&%#'"22+3"#48H'634(72#'#*4'(4#42#":787#H'%<'#*4$4'*7=*'4&#3%6H'$#7,+87'-!"#$%&'!"'$%&?'
@AAM1B''!7#*%+#'#*4,?'D7#*'#*4'$",4'559'6"3",4#43$?'#*4'&%3,"87W4('K>5'433%3'(3%664('#%'
/BML'(N?',+2*'28%$43'#%'#*4'634(72#":84'433%3'-&%D'/BL@'(N1B
!4'"8$%'(427(4('#%'+$4'#*4',4(7"&'%;43'%:$43;43$'3"#*43'#*"&'#*4',4"&B'')*+,"("?'52*"3<<?'_'
!"#$%&'-.//M1'$*%D4('#*"#'#*434'"34'$437%+$'%+#8743$'7&'#*4'>%(48<4$#'("#"?'$+==4$#7&='#*"#'#*4'
,4(7"&',"H':4',%34'"22+3"#4'#*"&'#*4',4"&$B''O*4'%37=7&"8'559'6"3",4#43$'634(72#'#*4',4(7"&'
("#"'D7#*'"&'K>5'433%3'%<'/BMP'(NB''K4]4$#7,"#7&='#*4'6"3",4#43$'D7#*%+#'#*4'2%,684J'7,"=4$'
8%D43$'#*4'<7#'%<'#*4',4"&'("#"'#%'/BM/'(N'"&('#*4'<7#'%<'#*4',4(7"&'("#"'#%'/BLQ'(NB''
:7;'<-%-,$&$%4
=>&?'
.2
=9?'
9<.
< =4?'
9<.
- σ?'
.$@
β @->
0
AB,
A
C)CD E)CF G)FH C)DI G)HJ G)ID K)EC DF
D
C)KC E)DJ G)FL C)EJ G)HJ G)DF K JG
C
AB,
M
C)CE J)DJ G)HI C)LH G)HG G)ID K)EC KH
L
C)KD I)GF G)LK C)LJ G)FL G)DF K DI
G
N,
M
C)CI F)JK C)L G)HK G)FC K)EF DI
G
C)KF F)IE C)LH G)HK G)DI K JG
E
O5M
C)LK CJ)E C)DJ G)FI G)DJ C)LL
I
KF
D
C)LG CJ)E C)DE G)FI G)DE K KF
K
@4A02B7+3*$+01?!
5+66%3#4(':H'#*4'Y)5)'56"24'C+,"&'G"2#%3$'[&=7&4437&='Z3%`42#B''9&')+=+$#'.P'
./@/'#*4'a5'Z"#4&#'9<<724'7$$+4('Z"#4&#'\'MMbQ@Q/'N.?'4&#7#84('c56"#7"8'5#"&("3('
9:$43;43c'#%'7&;4&#%3')&(34D'NB'!"#$%&B
C+?#71?!
O":84'.'$*%D$'#*4'+6("#4('6"3",4#43'4$#7,"#4$'"&('&%3,"87W4('<7#$'D7#*%+#'#*4'
%:87E+4'4<<42#'"&('D7#*'#*4'2%&4'(4&$7#H':"$4('$6"#7"8'$4&$7#7;7#H'D7&(%DB'')$'
2%,6"34('D7#*'O":84'@?'#*4'<7#$'D7#*';"37":84'$+,,"#7%&'4J6%&4&#$'"34',+2*':4##43?'
637,"378H':42"+$4'7,"=4$'Q0'"&('PQ'D434'(3%664('<3%,'#*4'"&"8H$7$B''G%327&='#*4'
$+,,"#7%&'4J6%&4&#'#%'.'34$+8#$'7&'6%%343'<7#$'#*"&':4<%34':42"+$4'#*4'$6"#7"8'
$4&$7#7;4'D7&(%D'2%+8('&%#'2%,64&$"#4'<%3'#*4'$+,,"#7%&'4J6%&4&#'2*"&=4B''O*4'
I%U'F5G'&%D':4*";4$',%34'87V4'#*4'%#*43$S'#*4'4$#7,"#4'<%3'"'7$'#*4'$",4'"&('#*4'
4$#7,"#4'<%3':4#"'7$'"8$%'$7,78"3B'
!7#*%+#'#*4'%:87E+4'4<<42#'"&('D7#*'"'$6"#7"8'D7&(%D'#*"#'(%4$'&%#'=%'#%'W43%?'#*7$'
;43$7%&'%<'#*4'56"#7"8'5#"&("3('9:$43;43',%(48'2"&'"22%+&#'<%3',%$#'%<'#*4'
634(72#":84';"37"#7%&'7&'#*4'@L'%:$43;43':H'P@'7,"=4'>%(48G4$#'("#"B
()*#&+!DB'O*4':8+4'87&4'$*%D$'#*4'",%+&#'%<'"##4&+"#7%&'<%3'(7"=%&"8'%374&#"#7%&$'
<%3'#*4'%:87E+4'4<<42#'+$4(':H'#*4'%37=7&"8'559B''O*4'+6("#4('559'+$4$'&%'%:87E+4'
4<<42#'"$'7&(72"#4(':H'#*4':8"2V'87&4B
58+!;44+01&)4)1'!"+0?)1)E)1'!F)032B!
O*4'559'+$4('U"+$$7"&'D7&(%D'<+&2#7%&$'3"&=7&='7&'$#"&("3('(4;7"#7%&'<3%,'/BQ0'#%'
/BM.'(4=?'634(72#7&='&4=87=7:84'$4&$7#7;7#H'7&'#*4'6"3"<%;4"B''9&4'D"H'%<'634(72#7&='#*4'
;"37"#7%&'D7#*'$4&$7#7;7#H'7$'#%'"$$+,4'#*"#'#*4'7&#43&"8'&%7$4'7$'637,"378H'2%&#37:+#4('
:H'#*4'2%&4$'"&('#*"#'4"2*'2%&4'2%&#37:+#4$'#*4'$",4'84;48'%<'&%7$4B''O*4'2%&#3"$#'
$4&$7#7;7#H'D788'#*4&':4''63%6%3#7%&"8'#%'#*4'$E+"34'3%%#'%<'#*4'2%&4'(4&$7#H'%3'(7342#8H'
63%6%3#7%&"8'#%'#*4'4$#7,"#4('YHE+7$#'<34E+4&2HB'!4'<7#'#*4'*+,"&'2%&4'(4&$7#H'
,4"$+34,4&#$'%<'F+327%?'!"#$%&'-@AA/1'D7#*'"'<+&2#7%&'D*72*'7$'U"+$$7"&'"#'#*4'24&#43?'
:+#'"$H,6#%#72"88H':42%,4$'"&'4J6%&4&#7"8?'+$7&='"&'4J6%&4&#7"8?'NJ'd'4J6-]JeJ:11?'#%'
:84&('<3%,'%&4'#%'#*4'%#*43B''O*4'&%3,"87W4('YHE+7$#'D7&(%D'<+&2#7%&'7$
YJ'd'@'e'f@g='h@]4J6-]hJ'e''-J4ghJ=]J4i'NJ'1i'@gNJ1i'jB
"$H,6#%#7&='"#
'''''''''''''''''''''''@e-@'g'=1?'D*4&'J'kk'J4B
O*4'6"3",4#43$'<%+&('D434'J='d'QBbP'(4=?'J4'd'0BM.'(4=?'J:'d'/B@bL'(4=?'"&('='d'
PB/AB''O*7$'D7&(%D7&='<+&2#7%&'*"$'&%'6"3",4#43$'4$#7,"#4('<3%,'#*4'>%(48<4$#'("#"?'
,"7&#"7&$'64376*43"8'$4&$7#7;7#H?'"&('<7#$'#*4'>%(48<4$#'("#"'"$'D488'"$'#*4'U"+$$7"&'
D7&(%D'-#*4'K>5'433%3'7&234"$4$'%&8H':H'/B/@'(N1B''G7=+34'P'$*%D$'#*7$'+6("#4('
D7&(%D'"8%&='D7#*'#*4'$,"884$#'"&('8"3=4$#'D7&(%D$'+$4(':H'!"#$%&'"&(')*+,"("'
-.//01'"&('#*4'7&#43,4(7"#4'D7&(%D'<%3'#*4':4$#]<7##7&='F5GB
()*#&+!GB'O*4':8"2V'87&4'$*%D$'#*4'+6("#4('$4&$7#7;7#H'D7&(%D':"$4('%&'#*4'
2%&4'(4&$7#H'YHE+7$#'<34E+4&2HB''^&7#7"88H'7#'28%$48H'<%88%D$'#*4'$%87(':8+4'87&4?'D*72*'
7$'#*4'D7&(%D'<%3'#*4'!"#$%&'"&(')*+,"("'-.//01':4$#]<7##7&='F5GB''O*4'("$*4('
"&('(%##4(':8+4'87&4$'$*%D'#*4'8"3=4$#'"&('$,"884$#'D7&(%D$'#*4H'<7#'#%';"37%+$'F5G$B
:7;'<-%-,$&$%4
=>&?'
.2
=9?'
9<.
< =4?'9<. - β @->0
AB,
A
G)IF J)KF G)HI C)GL G)HI K)JE KIJ
CJE I)GC G)LJ C)CG G)HH K KHI
AB,
M
G)FC J)LK G)LC C)IH G)HD K)JJ KDI
CJI I)IH C)GG C)IF G)HI K KJL
N,M
G)FH F)IJ C)FD G)HJ K)EF DKG
C)IJ I)IH C)IF G)HI K KJL
O5M C)IL CJ)E C)CE G)HD K)EE CHC
K)GI CJ)E C)KJ G)HJ K KGL
5%67+!.!
a6("#4('6"3",4#43'4$#7,"#4$'"&('&%3,"87W4('<7#$'"$'7&'O":84'@'<%3'#*4',4(7"&$'%;43'
@L'%:$43;43$'%<'#*4',4(7"&$'%<'P'#*34$*%8($'<%3'4"2*'%:$43;43'%<''P@'7,"=4$B'
C+<+&+04+?!
)*+,"("?')B'lB?'52*"3<<?'mB'nB'5B?'!"#$%&?')B'NB'-.//M1'm7&4$'"&('(76%84$'"34'
4<<7274&#8H'(4#42#4(B'n7$7%&'5274&24$'5%274#H')&&+"8'>44#7&=?'>"H?'5"3"$%#"?'GmB
F+327%?'FB')B?'58%"&?'oB'KB?'o"87&"?'KB'[B?'_'C4&(372V$%&?')B'[B'-@AA/1B'C+,"&'
6*%#%34246#%3'#%6%=3"6*HB'%<'F%,6"3"#7;4'Y4+3%8%=H?'.A.?'PAMX0.QB
!"#$%&?')B'NB'-@AAA1B'>%(48G4$#'!4:'57#4B'K4#374;4('<3%,'
*##6See;7$7%&B"32B&"$"B=%;e,%(48<4$#eB
!"#$%&?')B'NB'-.///1'n7$+"8'(4#42#7%&'%<'$6"#7"8'2%&#3"$#'6"##43&$S'[;"8+"#7%&'%<'<7;4'
$7,684',%(48$?'96#72$'[J634$$'L-@1?'@.]QQB
!"#$%&?')B'NB?')*+,"("?')B'lB'-.//01')'$#"&("3(',%(48'<%3'<%;4"8'(4#42#7%&'%<'$6"#7"8'
2%&#3"$#?'l%+3&"8'%<'n7$7%&?'0'-A1?'M@M]MP/B'*##6See`%+3&"8%<;7$7%&B%3=e0eAeLeB'
!"#$%&?')B'NB?'N%3#*D72V?'KB?'O"H8%3?'>B'-@AAM1'^,"=4'E+"87#H'"&('4&#3%6H',"$V7&=?'7&'
C+,"&'n7$7%&?'n7$+"8'Z3%24$$7&=?'"&('I7=7#"8'I7$68"H?'4(B'NB'K%=%D7#W?'5Z^['Z3%2B'
Q/@L?'.]@.B'
CHFL
https://ntrs.nasa.gov/search.jsp?R=20110015437 2019-08-30T17:21:20+00:00Z
